Modelling of lithium-ion batteries calendar ageing is often based on a semi-empirical approach by using, for example the Arrhenius acceleration model. Our approach is based on Eyring acceleration model, which is not widely used for electrochemical energy storage components. Parameter identification is typically performed without taking into account the state-of-charge (SoC) drifting. However, even in rest condition, battery cells' SoC drifts because of capacity losses (self-discharge and capacity fade). In this work we have taken into account the SoC drift during calendar ageing tests. For this, we considered available capacity (Ah) instead of SoC (%) as ageing factor. Then, the analytical solution of the problem leads to the use of the Lambert W function in the model formulation. Simulation results show that Lambert-Eyring model is more accurate and allows a reduction in the number of parameters to be identified.
Introduction
During the last decade, electric vehicles (EV) and hybrid electric vehicles sales have grown from 0.1 5 to 3% in France [1] . However, the low range and high purchasing price of EV's are the main obstacles to their market penetration. Range and price are directly related to the battery size which is the most expensive component of an electric vehicle. 10 Currently, car manufacturers have found a compromise between price and range that fixes typically the range between 100 and 200 km for a purchasing * Corresponding author: eduardo.redondo@ifsttar.fr price (including batteries) from 20 to 40 ke. Battery size of those vehicles vary from 16 to 24 kWh. 15 Electric vehicles can contribute to a cleaner mobility, but for this, the whole life cycle must be optimized in order to be less resource consumer and less waste producer than thermal vehicles.
Energy management of the vehicle is often opti- 20 mized with an energy economy aim, but it can also be done for extending the battery longevity. The elaboration of this kind of strategies requires reliable and accurate ageing models. In this paper, calendar ageing of lithium-ion 25 LFP/C cells has been modelled. Calendar ageing seems to be predominant in batteries used in applications such as electric vehicle. LFP cells offer high durability, power and safety, which represent three crucial performances for transportation appli-30 cations.
A classical approach of model parameter identification consists on a step by step identification: first step consists of identifying the temperature (T ) influence and then the second step is for the state- of-charge (SoC) influence. For this, every factor (T and SoC) must be considered as being constant.
During calendar ageing tests, constant tempera-ture is easily driven because battery cells are in rest condition and no heat is emitted by them. However, 40 battery cells' SoC is not constant: SoC drifts over time because of capacity losses. Consequently, SoC drift may be considered from the parameter identification phase in order to improve the ageing model accuracy. The chosen formulation in this work relies on the Eyring acceleration law [2] . This law allows a global approach where all parameters can be identified in a single step.
Calendar ageing 50
Calendar ageing of a battery cell is the degradation of its performances while being in rest condition, that is when no current is supplied or absorbed by this cell. This type of ageing must considered in transport applications because vehicles are parked 55 95% of the time [3] .
Calendar ageing yields on ageing mechanisms caused by side reactions between the different chemical substances inside each component of the battery (electrodes, electrolyte, etc.). Ageing mecha-60 nisms of lithium-ion batteries are numerous, complex and can interact with each other [4] .
As on battery cells the main ageing mechanisms lie on chemical reactions, the battery performances degrade over time as these reactions advance. Thus, Arrhenius-like laws are commonly used to explain the thermal stress influence on performances. Equation 1 is a general form for a performance (y(t)) degrading over time under a thermal stress (T) using the modified Arrhenius law.
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The performance y(t) can be the internal resistance (power fade) [5] [6] [7] [8] or the capacity fade [9] [10] [11] with T the absolute temperature (in K), A the preexponential factor, E a the activation energy for the reaction (in eV), k the Boltzmann constant and f (t) 75 the time degradation function of y(t) considered.
The Eyring law is also used on reliability studies [2] for example for mechanical components [12] . This law extends the Arrhenius law to other 80 stress factors S i such as pressure, current, voltage, etc. Equation 2 is a general form for a performance (y(t)) degrading over time under two type of stresses (T and S i ) using the Eyring law. In the Eyring law each additional stress is added to 85 the exponential function beside the thermal stress term (E a /kT ). The direct influence of a stress is B i S i and C i S i /kT represent an interaction term between temperature and S i where B i , C i are stressdependent constants. 90 y(t) = AT n e (Ea/kT +BiSi+CiSi/kT ) f (t)
(2)
In this paper, we have modelled calendar ageing of A123 LFP/C cells (2.3Ah) from SIMCAL project [13] . The main calendar ageing mechanism in this type of cells is SEI (Solid Electrolyte Interface) for-95 mation [14] . The consequence of this ageing mechanism is the capacity fade due to a loss of lithium inventory.
In order to facilitate the results comparison, all capacity measurements and simulation are ex-100 pressed relative to initial capacity (p.u.).
Accelerated ageing tests in SIMCAL project
Accelerated ageing tests were carried out in order to show up the ageing mechanisms responsible of battery degradation. These tests consist in putting 105 battery cells to different levels of use constraints. The collected results can be used afterwards to establish remaining useful life or performance evolution laws.
In the case of calendar ageing, two factors 110 have been identified as being responsible of battery degradation: temperature (T ) and state-ofcharge (SoC). In SIMCAL project [13] , six technologies of batteries (one NMC/C, one NCA/C, one LMO/NMC blended/C and three LFP/C) were 115 tested to study the influence of SoC and temperature as ageing factors. In this work, we focused the analysis to one 130 LFP/C technology and exploited only the capacity measurements. Figure 1 shows the capacity loss evolution (Q L ) of A123 cells under ageing tests from SIMCAL project. In this figure the temperature influence is clearly perceptible: if cells are grouped by SoC level, cell degradation is greater at higher temperatures (that is, degradation rate is higher for 60°C than for 45°C and than for 30°C for each SoC level). Nonetheless, the reciprocity of this sentence is not always true: the degradation rate is not always higher at higher SoC levels. At 30°C cell degradation is greater when SoC is higher, that is degradation at SoC 100% is higher than when SoC is 145 65% and 30%. However, at 45°C, degradation at SoC 100% is similar than when SoC is 65%. Even at 60°C, degradation at SoC 100% is lower than when SoC is 65%. This behaviour seems to be atypical and highlights a strong interaction between the 150 ageing factors (T , SoC).
SoC drift during ageing tests
When a battery cell is at rest condition, its energy (capacity) and power (impedance) performances change by ageing. Cell's SoC changes also.
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SoC drift of a cell in rest is caused by capacity losses. Capacity losses are either reversible, due to self-discharge; either irreversible, due to degradation mechanisms.
SoC (expressed in p.u.) is defined in equation 3 160 as the ratio between available quantity of charge (Q a ) and current capacity (Q) at every moment (t):
Q a can be expressed as a function of discharged 165 quantity of charge (Q d ) since the last full charge and self-discharge (Q sd ) as shown in equation 4:
On the other hand, cell capacity change according to ageing (equation 5), Q 0 and Q L are respec-170 tively initial capacity and irreversible capacity loss:
These three equations lead to the following expression for SoC evolution: Experimental data reveal that SoC drift in SoC100 cells was lower than 3%.
Ageing modelling
As explained above, lithium-ion battery ageing depends mainly of the couple (T , SoC). During of values (T , SoC), but SoC drifts mainly because of capacity losses (Q L ).
At first, in order to model the battery ageing, a variable reflecting the battery degradation must be 215 chosen. This variable can be, for example, the cell impedance [5, 15] or the derivative of capacity over time ( dQ L dt ) [16] . In this work, we have chosen to model the capacity fade evolution (Q L ) which is the key parameter in EV applications. 220 Equation 7 is a generic example of Q L ageing model as a function of t, T and SoC where the ageing factors (T , SoC) are decoupled from time [17] :
This equation implies that Q L evolution for every cell follows the same shape (f (t)) independently of the value of T and SoC. T and SoC will change the size of the shape with an acceleration coefficient (C A ).
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Typically, the chosen f (t) is a power of time (t z ) [5] , an exponential function [15] or a composition of time functions [18] , for example (t + √ t).
Ageing model without taking into account the SoC drift 235
The classical approach to ageing modelling consists in expressing C A with an Arrhenius expression [5, 6] . Pre-exponential factor (A) and activation energy (E a ) of the Arrhenius law may change in terms of the other ageing factors. So, for calendar ageing, 240 these two parameters are expressed as a function of SoC: A = A(SoC), E a = E a (SoC).
In this work the chosen shape function f (t) is t z with a fixed z independently of T and SoC. In this paper the model has been studied with two different At the end of the first step, we have three age- T30SOC100  T45SOC100  T60SOC100  T30SOC65  T45SOC65  T60SOC65  T30SOC30  T45SOC30  T60SOC30 (a) Model 1 (z = 0.5). The identification results are collected in table 1 (model 1: z = 0.5 and model 1': z = 1). For each linear regression, the coefficients of determi-280 nation (r 2 ) are higher than 0.99, independently of the value of z. Figure 4 illustrates the simulations results of the ageing model compared to measurements. When the chosen shape function is √ t (z = 0.5, 4a), model 285 generally underestimates ageing; on the contrary, the simulations are rather divergent when z = 1 (linear evolution of capacity fade over time, 4b).
Ageing model taking into account the SoC drift 290
When one ageing acceleration factor, SoC, is variable over time, the parameter identification of [19] (temperature dependent) to other stress con-300 straints S i . Eyring formulation has already been used to model the remaining useful life of materials and mechanical components [12] , but is not still widely used for electrochemical energy storage systems. Some recent works propose the Eyring 305 model to express the ageing laws of supercapacitors [20, 21] and batteries [17, 22] .
For supercapacitors and other electrical components, the chosen ageing factors are mainly temperature and voltage (T, U) meanwhile ageing mod-310 elling of batteries is expressed as a function of the state-of-charge (SoC) instead of the voltage.
When taking into account the SoC drift, we realize that SoC dependence with capacity loss (Q L ) is not linear and could lead to an inextricable formu-315 lation. That is the reason why we have proposed available capacity (Q a ) instead of SoC as ageing factor because of its linearity relation with Q L , as indicated by equations 4 and 5. Shape function f (t) is the same as in the previous section: t z .
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By taking equation 7 and expressing C A according to an Eyring law depending of T and Q a , we obtain the ageing model general equation 13. However, we will firstly study a particular case of the Eyring law where n and C are 0 (equation 14).
The global approach to identify the model parameters consists in carrying out a linear regression on equation 15. Equation 15 is obtained by apply- 
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Finally, by assuming Q sd = 0 and gathering all the terms depending of Q L , expression 18 is ob-
The solution of equation 18 requires to use the 355 Lambert W function. Lambert W function is by definition [23] the solution of the equation x·e x = y with x, y ∈ C. In our particular case, y is a real number greater than − 1 /e, so the W 0 branch of the Lambert W function must be used: T30SOC100  T45SOC100  T60SOC100  T30SOC65  T45SOC65  T60SOC65  T30SOC30  T45SOC30 However, atypical behaviour of SoC100 cells can 370 not be taken into account by this model. As explained above, a particular case without interactions between T and Q a has been considered (equation 13 with C = 0).
Taking into account of atypical behaviour at 375
SoC100 To improve the model accuracy the atypical behaviour of SoC100 must be considered. As reported in previous works, ageing rate increase at higher levels of SoC. But for the experimental results con-380 sidered in this paper this is true only at 30°C. At 45°C SoC100 ageing is similar to SoC65 and at 60°C ageing is higher for SoC65 cells.
In principle, by adding an interaction term C kT in the Eyring Law, an additional degree of freedom 385 is added to the model and this would conduct to a better result. The simulations results of the model with interaction term did not show a significant improvement. In fact, the voltage of LFP/C cells exhibits an im-390 portant discontinuity approximately at SoC70 [24] . This discontinuity is the reflection of a phase change in the negative electrode. This would justify that just one Eyring law is not enough, even if an interaction term is used, to model simultaneously ageing Table 3 recapitulates the different models used 405 and their main characteristics. Models 1 and 1' use an Arrhenius law with the pre-exponential term (A) Also, for every test condition, except T30SOC30, the maximum error of model 2 is lower than for the model 1. Finally, model 2 needs one fewer parameter than model 1'. 435 
Results discussion

Conclusions
During calendar ageing tests, every factor should be controlled to keep them constant. The two calendar ageing factors are temperature (T ) and stateof-charge (SoC). During calendar ageing tests, cells are put in rest condition (disconnected) at a determined temperature and state-of-charge.
When T and SoC are constant, a step-by-step identification may be conducted. For example, calendar ageing model could be expressed with an Ar-445 rhenius based equation. In the first step, the temperature influence is identified and give the Arrhenius parameters (A, E a ). In the second step, each parameter is studied as a function of SoC (A(SoC), E a (SoC)).
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However, SoC is not constant: SoC drifts over time because of reversible and irreversible capacity losses (Q sd and Q L ). SoC drift must be considered from the parameter identification phase.
By taking into account the SoC drift, all the fac-455 tors (T , SoC) must be considered at the same time.
The global approach shown in this work allows to identify all the parameters at the same time but for this we need to develop the equations and to find an analytical solution beforehand.
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The ageing model is based on the Eyring law by taking the couple (T , Q a ) as ageing acceleration factors. In this case, the analytical solution of the equation x · e x = y is the Lambert W function.
This novel approach results in a significant im-465 provement of the accuracy of the model compared to the classical approach. It could be applied to any chemistry of batteries. The need of a discontinuity in ageing laws around SoC 70 may be specific to the LFP. 
